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ABSTRACT 
 
            Small angle neutron scattering (SANS), ultra-small angle neutron scattering (USANS), and 
backscatter electron (BSE) imaging, along with neutron computed tomography (NCT) were used 
in this study to experimentally quantify pore size, distribution, and connectivity of dissolved 
limestone geometries. Eight samples of Indiana limestone of two different initial permeabilities 
(2-4 mD and 70 mD) [millidarcy] were reacted with HCl [hydrochloric acid] solutions at differing 
pH (2 and 4), and flow rates (0.1 and 10 cm
3
/min) [cubic centimeters per minute] to describe 
a broad range of parameters that affect limestone dissolution. NCT was first used to image the 
dissolution structure, and each core was then cut into nine sample sections at various distances 
from the inlet face to the outlet of dissolution to the outlet.  These were used for (U)SANS and 
SEM/BSE analysis to characterize changes in the pore structure throughout the entire core. The 
scattering curves obtained from (U)SANS were combined with autocorrelation analysis of the 
BSE images to characterize porosity over a wide range in length scales from approximately 1 mm 
[millimeter] to 1 nm [nanometer]. 
            Preliminary macro-observations and neutron tomography show preferential flow paths 
that form through the limestone at the lowest pH with relatively no change in porosity at the 
highest pH. The permeability of each sample controls the penetration and degree of branching of 
each flow path into the cores. The scattering curves obtained from SANS-USANS are combined 
with the data from the BSE images to give a wide range in length scale from 1 mm [millimeter] to 
1 nm [nanometer]. Scattering data show as initial permeability and pH increase the volume of 
nano-pores within the limestone decreases and the volume of micro-pores increases.  
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1. INTRODUCTION 
 
Calcite and other carbonates make up a large volume of the Earth’s geologic 
record and are important components of marine sediments. About 20 percent by volume 
of Phanerozoic sedimentary rock is made up of the carbonate minerals calcite (CaCO3) 
and dolomite (CaMg(CO3)2) (Morse et al., 1990). Because of this, a quantitative 
understanding of the precipitation and dissolution of carbonate rock has long been 
important for understanding the geochemical and geologic processes that have shaped the 
Earth. Carbonate dissolution controls the evolution of certain ore deposits, formation of 
cave systems, groundwater flow, and the formation of karst aquifer systems. It also plays 
an important role in anthropogenic processes, such as CO2 sequestration, stimulation of 
petroleum reservoirs, carbonate aquifer development, and risk assessment of contaminant 
migration in groundwater (e.g., Ennis-King and Paterson, 2007; Fredd and Fogler, 1998; 
Ford and Williams, 2007; Fryar and Schwartz, 1998). Therefore, the dissolution patterns 
that water creates as it flows through carbonate rock and the effects these formations have 
on the surrounding system have been closely studied and are extremely beneficial to the 
environmental, petroleum, and mining industries (Smalley et al., 1994; Cravotta, 2003; 
Sibrell et al., 2007; Dewever et al., 2010; Kogovsek and Petric, 2013). 
Patterned dissolution structures in carbonate rocks created by the flow of reactive 
fluids form because of the natural heterogeneity of the porous medium and the rapid and 
almost complete dissolution of minerals in the reactant fluid. During dissolution, fluid 
preferentially flows to regions of highest permeability (the largest pores, voids, or natural 
fractures). However, the nature of the dissolution structure depends heavily on the 
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reactive and flow parameters involved. The nature of the dissolution process depends on 
the relative values of the Péclet number, the ratio between advective and diffusive flow, 
and the Damköhler number, the ratio between reaction rate and mass transport. Variations 
in these parameters can lead to either diffuse (uniform) or compact reaction fronts, or 
various forms of “wormholing”, the formation of more or less branched dissolution 
channels through the sample. (Jasti and Folger, 1992; Golfier et al., 2002; Szymczak and 
Ladd, 2006, 2009, 2011; Ortoleva et al., 1987; Jamtveit and Hammer, 2012).  
To accurately model the characteristics of wormhole dissolution, an 
understanding of the input parameters is necessary.  In past studies of wormhole 
formation, porosity, permeability, and homogeneity of carbonate samples, as well as flow 
rates and pH were considered (e.g., Fredd and Fogler, 1998; Golfier et al., 2002; 
Shameem et al., 2006; Urosevic et al., 2012).  In the case of wormholing, initial flow 
paths are enlarged by rapid dissolution of the matrix material, causing these regions to 
receive even more flow. A dominant channel quickly forms and continues to propagate 
while diverting flow from other regions. Once formed, wormhole channels provide 
negligible resistance to flow and carry essentially all the fluid that flows through the 
carbonate system (Golfier et al., 2002). More compact or diffuse patterns, however, 
expose more of the rock to the reactive fluid, but may cause it to equilibrate, neutralizing 
the pH before transport has occurred over any significant distance.  
To accurately model the characteristics of wormhole dissolution, an 
understanding of the input parameters is necessary. Reactive transport models have 
typically considered porosity, permeability, and homogeneity of carbonate samples, as 
  
3 
well as flow rates and pH were considered (e.g., Fredd and Fogler, 1998; Golfier et al., 
2002; Shameem et al., 2006; Urosevic et al., 2012).   By controlling these factors, the 
evolution of the overall hydraulic conductivity and total porosity of flow and the 
dissolution and precipitation that occur within carbonate rocks are more easily 
understood (Singurindy et al., 2005), but these studies have typically not considered the 
multiscale pore structure of the rock itself.  As has recently been shown the pore structure 
of rocks is highly multiscalar, and may be composed of both surface and mass fractal 
elements (cf. Hall et al. 1983, 1986; Mildner et al. 1986; Wong et al., 1986; Anovitz et 
al., 2009, 2013, 2015a,b,c; Wang et al., 2013).  
It is, however, difficult to satisfactorily describe textural and porosity changes in 
rock samples using direct imaging techniques because of the wide variation in length 
scales involved. A combination of Small Angle Neutron Scattering (SANS) and Ultra 
Small Angle Neutron Scattering (USANS), and Backscatter Electron (BSE) images is, 
however, well suited to this task. Scattering contrast in rock samples arises primarily 
from the difference in the scattering length densities of the rock and the pores within it. 
Thus, small-angle scattering provides a method to quantify the pore structure, typically 
for sizes ranging from ~ 1 nm to ~ 10 µm. In addition, because the scattering cross-
section is proportional to the Fourier transform of the geometric correlation function 
(Debye et al., 1957), that is, small angle scattering and direct imaging are direct space 
and inverse space pairs, the range of scales interrogated by (U)SANS can be extended to 
larger scales by autocorrelation analysis of low-magnification SEM/BSE imagery, as 
described in more detail by Anovitz et al. (2013) and Wang et al. (2013). 
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The purpose of this study is to quantify changes in the multiscale porosity of 
limestone during dissolution as a function of changes in fluid reaction rate and flow rate, 
as well as limestone permeability. It is hypothesized that the comparison of macro-scale 
dissolution to our multiscalar results will show self-similar changes in micro- and nano-
scale porosity to macro-scale pore changes. In order to show this we have performed a 
series of experiments, dissolving limestones of differing initial permeabilities with 
solutions of differing pH flowing at different rates.  By combining neutron computed 
tomography (NCT) and SEM/BSE imaging to provide three and two-dimensional imaging 
of the micro and macroscale dissolution with analysis of the nano- to microscale porosity 
of the same samples using (U)SANS, changes in macro- to nano-porosity over a wide 
range of scales were observed and analyzed to experimentally quantify the changes in 
pore structure of the limestone during the dissolution process.  
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2. EXPERIMENTAL METHODS 
We conducted eight experiments on limestone core, flooding the cores with water 
of varying pH and flow rates at a constant room temperature. Cores were oriented 
vertically during the experiment to assure no gravitational asymmetry in the flow at a 
given distance from the inlet. During the tests we continuously monitored the inlet 
pressure in the flow systems (outlet pressure was always at ~1 atm) and the pH of the 
effluent as it exited the system. The experiment was conducted in three stages. In the first, 
1 liter of 18 M ohm deionized water was flowed through the rock to saturate the pore 
structure, thus assuring that flow due to capillary forces was minimized. In the second, 2 
liters of an HCl/H2O mixture (pH 2 or 4) acid was flowed through the sample at a fixed 
flow rate of either 0.1 or 10 ml/min. Finally, 1 liter of 18 M ohm deionized water was 
once again flowed through the sample to flush reactive fluid from the carbonates and 
terminate any further acid-rock reactions. 
2.1 Rock sample and fluid input solutions 
Cylindrical limestone cores 3.81 cm (1.5 inch) diameter x 15.24 cm (6 inch) 
length) were used for our experiments. These were composed of Indiana limestone 
(Bedford Limestone), which is a common geological formation quarried in south central 
Indiana. Indiana limestone was chosen for its characteristic uniform texture and lack of 
any preferential direction of splitting (freestone). It consists of 97.3% calcite, 1.7% 
silica, 0.5% aluminum oxide, and 0.4% magnesium carbonate (Churcher et al., 1991). 
Two varieties of Indiana limestone were selected for these experiments. They were 
similar in their composition and homogeneity but had different initial permeabilities. As 
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shown in Table 1, Indiana limestone (A) is high porosity–permeability with 18% 
porosity and 70 millidarcy (mD) permeability. Indiana limestone (B) is low porosity–
permeability material, with 14% porosity and 2-4 mD permeability. The two limestone 
samples will hereafter be designated as Indiana 70 and Indiana 2-4. 
The acidic input solution injected through each of the cores consisted of high 
purity hydrochloric acid (HCl) diluted with helium-sparged, deionized water to yield an 
initial fluid pH of 2.0 or 4.0. The deionized water was helium-sparged for two hours to 
remove dissolved gasses (e.g. oxygen) from the liquid. The dissolution experiments 
were performed at room temperature, approximately 20°C.  
2.2 Experimental Apparatus 
 
The experimental apparatus included a fluid injection system and a core holder 
assembly, which controls confining pressure and fluid flow. A schematic of this system 
is shown in Figure 1a. Limestone cores approximately 15 cm in length were coated in 
epoxy to keep fluid from flowing out of the cores and along the outside of the core 
during the experiments. Glass frits were placed at the inlet of each core to disperse 
reactive fluid to the entire face of the core before initial contact. Teflon flow heads and 
a heat-shrink Teflon tubes were then placed on each core to create a fluid tight seal. 
This was further sealed by wrapping a piece of silicon rubber around the Teflon end-
pieces and adding two band clamps on each end. Additional confining pressure was 
added to the core by wrapping the whole in a long, 1/2 inch wide silicon-rubber strip 
(Figure 1b,c). Threaded rods secured by nuts at either end were added between the end-
caps to prevent pressure from forcing them off the core during the experiment. The 
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assemblies were then placed vertically in their holders to allow for full pore-space 
infiltration by the fluid pumped through them.  
The cores were first injected with one liter of deionized water with a Varian 
Prostar 210 pump at the desired flow rate. As soon as one liter of deionized water 
had fully saturated the carbonate cores, an HCl solution was pumped through at rates 
of 0.1 mL/min or 10 mL/min. Two liters of liquid were pumped through the core 
with a pH of 2 or 4. After the solution was pumped through, another liter of sparged 
deionized water was pumped through the cores to fully dilute and flush out any acid 
solution that might have remained. Two initial permeabilities, two flow rates and two 
pH values thus yielded eight experimental specimens. 
 As noted by Golfier et al. (2002) reaction of an acid with a soluble matrix can 
be divided into three steps: transport of the acid to the solid surface by advection and/or 
diffusions, reaction at the surface, and transport of the products away from the 
interface. In the case of the limestone studied here, the chemical reaction is fact relative 
to the mass transfer rate, making the process mass-transfer limited. Dissolution was, 
therefore, controlled by the rate at which reactants and products were transported across 
the solid–liquid interface, so that increasing flow rate generally caused more rapid 
dissolution (Singurindy et al., 2005). Thus, as a consequence of the mass-transfer 
limitation in limestones, flow rate was an important independent parameter during the 
experiment. 
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2.3 Analytical Methods 
Multiple methods of microstructural observation were used to analyze the 
changes in microporosity of the carbonates. After the three phases of each experiment 
were complete, the cores were removed from their holders, labeled, photographed, and 
packaged for later sectioning. Prior to sectioning for (U)SANS analysis NCT images 
were taken of each core using the BT-2 beamline at the NIST Center for Neutron 
Research. This provided three dimensional data on dissolution at the largest scales, 
with a resolution of 50 microns.  
Once the NCT images had been obtained, each core was sectioned at nine 
intervals from the fluid inlet to the outlet, to obtain a representation of microstructural 
changes during solution as a function of distance from the inlet. Each core was sectioned 
at 1/8, 1/4, 1/2, 3/4, 1, 11/2, 2, 4, and 6” (0.32, 0.64, 1.27, 1.90, 2.54, 3.81, 5.0, 10.2, and 
15.2 cm) from the inlet and labeled accordingly. Following Anovitz et al. (2009) each 
was mounted on a quartz glass slide and ground to a thickness of 0.15 mm. SANS and 
USANS measurements were then conducted on these samples at the National Institute of 
Standards and Technology, Center for Neutron Research at the National Institute of 
Standards and Technology (NIST/NCNR) (Glinka et al., 1998; Barker et al., 2005). 
Samples were mounted on cadmium masks with a 5/8 inch (15.9 mm) diameter aperture. 
In cases where wormholes were present the hole was included in the area selected for 
analysis. SANS measurements were performed on the NGB-30 meter instrument using 6 
Å neutrons at 1 and 4 meter sample to detector distances. 8.09 Å neutrons with a 
wavelength spread () of 0.11 and biconcave MgF2 lenses were used at 13 meters to 
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extend the Q-range of the experiment and provide better overlap with the USANS data. 
Typical Q-resolution was 5 to 10 percent depending on sample-to-detector distance. The 
resultant scattering vector ranged from 0.0009 to 0.43Å
-1
, which corresponds to sizes 
from approximately 15 to 7000Å. 
Ultra-small angle neutron scattering (USANS) measurements were performed on 
the BT5 instrument at NIST/NCNR (Barker et al., 2005). A pair of triple-bounce channel-
cut perfect silicon (220) crystals was used in this instrument for the monochromator and 
analyzer. The wavelength was 2.38A ˚ with a wavelength spread  = 0.059. Data were 
collected over a Q range from 4.19 x 10
-5
 to 2.66 x 10
-3
Å
-1
, which corresponds to length 
scales from 0.24 m (2400Å) to 15m. The horizontal Q resolution (full width at half 
maximum) is 2.5 x 10
-5
Å
-1
. The same cadmium sample apertures used for the SANS 
measurements were used for the USANS measurements which, therefore, probed the 
identical volume.  
Scattering intensity data from the analysis were corrected for empty beam 
scattering, background counts and detector unconformity, sample transmission and 
scattering volume, and reduced to an absolute scale by normalization to the intensity of 
the direct beam. Further data reduction and de-smearing were accomplished through the 
USANS data reduction software provided by NIST/NCNR (Kline, 2006). The 
combination of USANS and SANS allows us, in principle, to probe length scales over 
four orders of magnitude from 7A ˚ to 15 m. The SANS-USANS procedure used is fully 
explained in (Hammouda, 2010). 
Although the Q-range of the (U)SANS data provides information on the pore 
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structure over a length scale of several orders of magnitude, it does not cover the 
largest sizes of porosity observed in the NCT images, 15 µm to ~1 cm. To cover this 
range SEM/BSE images were obtained of each of the samples analyzed by 
(U)SANS. SEM images were obtained at Oak Ridge National Laboratory (ORNL) 
using a Hitachi S3400 Environmental SEM. To maintain continuity, the same areas 
of each sample selected for (U)SANS analysis with the cadmium masks were used 
for the SEM imaging. Images were taken in backscatter electron mode with the 
largest possible aperture to give the flattest 2D field possible for an SEM 
microscope. In backscatter mode, the epoxy-filled pores were easy to distinguish 
from the calcite grains. Each image was 5120 x 3840 pixels, with a pixel size of 
2.480 m. Several images were stitched together to cover the area of the (U)SANS 
measurements. The pixel size provided an overlap between the Q-range from the 
SEM imaging and that from the (U)SANS measurements of approximately one order 
of magnitude.  
In order to combine the SEM/BSE data with that from the (U)SANS 
measurements the SEM images were first thresholded to convert each image to a 
binary showing pore space versus the matrix. Once these images had been obtained 
the two-point autocorrelation curve was calculated for each sample using the 
approach outlined by Anovitz et al., 2013 and Wang et al., 2013. As the 
autocorrelation function and the scattering curve are Fourier pairs, the scattering 
function at low-Q (large sizes relative to the (U)SANS data) could then be obtained. 
Both calculations were performed using a Python program custom-written for this 
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application (Anovitz, pers. comm.). This allows for the BSE measurements to extend 
the lower Q-range of our scattering data and provides a quantified analysis of the 
largest pore-sizes of the limestone samples. 
2.4 Surface and Mass Fractal Dimensions 
Surface and mass fractal dimensions were obtained from SANS-USANS-BSE 
analysis to aid in accurately describing the textural and porosity changes that occurred 
in each rock. Knowledge of fractal behavior is needed for sample analysis as rocks do 
not have finite limits for long range connectivity and consist of more complex pore-
grain structures than an ordinary bundle of particles would contain. Their analytical 
practicality lies in the value of fractal and multifractal models to effectively simulate 
the scale-dependent heterogeneity that is typically present in natural systems (Perfect 
et al., 2009). For this reason the use of fractals is a simple and efficient way to study 
pore-grain interfaces and has been used successfully in a multitude of geologic studies 
(e.g., Mildner and Hall, 1986; Radlinski et al., 1996; Wang et al., 2013; Anovitz et al., 
2009, 2011, 2013).  
These fractal systems can be expressed in the form of a mass fractal 𝐷𝑚 and a 
surface fractal 𝐷𝑠. Mass fractal geometry is obtained from the slope of the scattering 
curve when graphed on a log-log plot, where the slope is −𝐷𝑚. The mass fractal 
represents how the volume (V) of an object relates to the object’s size (r), in a fractal 
manner. By taking into account the mass (M) of the object with an unchanging 
density, the mass-fractal also scales as 𝑉(𝑟) 𝛼 𝑀(𝑟) 𝛼 𝑟𝐷𝑚 over a range of length 
scale. The object is uniformly “compact” when 𝐷𝑚 = 3 and becomes increasingly 
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open and porous as 𝐷𝑚 decreases (Martin and Hurd, 1987). This makes the mass-
fractal concept an essential part for describing pore-grain interactions such as cluster 
distributions of pores and the accretion of grains.  
For a surface fractal, the surface area (SA) scales as 𝑆𝐴(𝑟) 𝛼 𝑟𝐷𝑠 where 𝐷𝑠 is 
the surface-fractal dimension (roughness) and is between 2 and 3 for a surface-fractal 
morphology in 3D space (Martin and Hurd, 1987). The slopes of the scattering plots 
give a slope between -3 and -4 which relates to the surface fractal of  𝐷𝑠 = 𝑠𝑙𝑜𝑝𝑒 + 6 
(Teixeira, 1988; Wang et al., 2013). This gives a range of 𝐷𝑠 from 2 (slope = -4) and 
3 (slope = -3). A 𝐷𝑠 of 2 represents smooth or planar surfaces while a 𝐷𝑠 of 3 
represents an object that is maximally rough and both uniformly and totally porous. 
This is reflected by scattering profiles that pass evenly from the surface to mass 
fractal geometries, 𝐷𝑠 = 𝐷𝑚 = 3. 𝐷𝑠 is an essential feature in pore-grain interaction 
to determine how an object will interact with its surrounding environment from a 
multitude of situations such as the precipitation of minerals within pores, increases in 
porosity from metamorphism, or from the dissolution of grains within limestone (e.g., 
Anovitz et al. 2009, 2013; Wang et al., 2013). 
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3. RESULTS 
3.1 Macro-scale Dissolution 
 
While there is a continuum of coupled reaction/transport phenomena at length 
scales from fractures to the smallest nanopores, and common feature of sedimentary 
rocks is the apparent self- similarity of their pore structures from the macro- to the nano-
scale (Wong, 1986; Dutta and Tarafdar, 2003), large-porosity and fracture-dominated 
flow are volumetrically paramount in shallow crustal settings (Ingebritsen and Sanford, 
1998; Laubach and Ward, 2006; Laubach et al., 2004; Gale et al., 2010). Analysis of 
rock porosity and connectivity at the largest scales are, therefore, critical components in 
analysis of the change in spatial structure by fluid-rock interaction. At this scale, 
however, analysis of two-dimensional samples does not provide sufficient evidence to 
characterize the macro-porous structure of the core, as non-planar connectivity cannot 
be evaluated. For this analysis, therefore, three-dimensional computed tomographic 
analysis is needed. While both X-ray and neutron computed tomography can play an 
important role in such an approach, for our purposes neutron CT was advantageous because 
the high penetrating power of the neutrons allowed reasonably high resolution analysis of 
the internal dissolution structures of our 1.5” diameter cores. 
The macro-scale dissolution of the limestone was the most noticeable change in 
porosity in the cores. At this scale the amount and style of dissolution were controlled 
by the initial permeability of the rock, flow rate and acidity (Figures 2 and 3). At the 
highest flow and reaction rate (lowest pH), wormholes formed through the entire core. 
Depending on the permeability of these samples, the wormholes were either branching, 
  
14 
forming many flow paths (Figure 3a), or solitary with a single channel (Figure 3b) – the 
higher initial permeability the more branching the final channel. Core 13, which began 
with a 70 mD limestone shows significant branching with paths that separate from the 
main channel and into other parts of the core. The high permeability of this sample 
leads to a higher probability of fluids finding multiple flow paths to move throughout 
the core as the wormhole was formed. In contrast, Core 14 formed a single channel 
during dissolution with almost no deviation from main wormhole observable at this 
scale, reflecting the lower degree of large pore connectivity within the sample.  
These types of fluid flow along wetted surfaces border on the optimum flow rate 
that can be encountered in the limestone, indicating a change in pore-size distribution in 
the porous medium while overall porosity stays the same (Golfier et al., 2002). As flow 
rate decreased and reaction rate remained constant in Core 21, the NCT scan shows a 
change from large preferential flow paths to smaller channels that form a “spongy” 
network in high permeability samples and a total dissolution coupled with larger, shorter 
wormholes, about one inch into the core, in the low permeability Core 22. These two 
differences in preferential flow path structure at differing flow rates are similar and only 
change depending on fluid reaction rate and rock permeability. As reaction rate decreases 
the formation of large-scale flow paths is less evident, leading to NCT scans that show no 
change in macro-pore structure from the inlet to the outlet (Core 17, 18, 25, 26). The 
uniform dissolution of these samples indicates that fluid was forced through all of the 
pores within the limestone. Because of this we know that the dissolution front is spread 
throughout the entire core and corresponds to non-equilibrium dissolution (Fredd and 
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Miller, 2000). These uniformly dissolved samples will give us the greatest look into the 
changes in smaller porosities because of non-preferential flow and non-equilibrium 
dissolution throughout the entire core. 
The degree of preferential flow within each core was also observed by the final pH 
from the effluent of each sample as shown in Table 1. Cores 13 and 14 with the highest 
flow and reaction rates had a final pH that deviated very little from the starting pH. The 
degree of branching can also be observed by the differences in final pH between the two 
cores. Core 13, with a higher final pH than Core 14, shows that the fluid spent more time 
within the core reacting with the rock, resulting in a more branching preferential flow 
path rather than a straight passage through the core. However, at low flow rates and high 
reaction rates, a pattern of preferential flow also occurred but at an even greater rate of 
dissolution because of a lower influx of solution. Although complete flow-through of the 
wormholes did not occur in these cores, the final pH of the output solution was 
neutralized to pH 7.45 and 7.46 for Cores 21 and 22. As reaction rate increased the 
amount of dissolution at the face of the cores reduced and was almost unnoticeable at all 
with a starting pH 4.0 the outlet pH tended to be higher at an average of 9.0. 
3.2 BSE Images          
            Micro-scale changes in porosity, as observed in BSE images, are similar to 
macro-scale when presented with the same parameters. Figure 4 shows BSE images for a 
sample of three cores (13, 21, 26) representing micro-porosity changes depending on pH, 
flow rate, and permeability. A qualitative look at Core 13 shows volume of pore space 
within the BSE images does not change from the inlet to the outlet. Correlating this to the 
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formation of wormholes (large black pores in BSE images) it can be said that the 
majority of porosity change takes place from the formation of the wormhole. Porosity 
increases related to the wormhole tend to show no preference between sparite and 
allochem grains and dissolves whatever is in its way. Core 21 shows a gradual increase in 
porosity throughout the entire core with preference of dissolution around allochem 
boundaries while sparite structures have dissolved out of the matrix giving way to 
increased porosity and permeability. Core 26 shows an increase in porosity from the inlet 
of dissolution to about 2 cm into the core. Within this range the dissolution of limestone 
grains is similar to Core 21.  After this point porosity seems to not change at all showing 
no dissolution of microcrystalline and allochem grains. Figure 5 shows the preferential 
dissolution of grains and matrix within the limestone for Cores 13, 21, and 26. 
3.3 Scattering Curve 
            Scattering intensity of SANS and USANS instruments are shown in Figure 6 as a 
function of length, given Q in Å
-1
. Data for Cores 13 and 21 are shown as examples of 
different dissolution characteristics. The neutron data are combined with the data from 
the BSE images to give a wide range in length scale. Cores 13 and 21 differ in flow rate 
and fluid pH, showing different dissolution characteristics. The scattering curves give 
data over the entire length of each core with each curve 2 log units higher than the 
previous so the data are not grouped too closely together. The scattering curves for the 
two cores are qualitatively similar with the principal sections of the curve (10−5Å−1 <
𝑄 < 10−2Å−1) almost fitting a single slope. However, there are a few noticeable 
differences between the two sets of curves. The BSE data represents the larger scale 
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porosity at low 𝑄 which ranges from the Qmin (~10
-7 
Å
-1
) to (~10
-5 
Å
-1
).  It should be 
noted, the BSE data in the figures does not fully align with the USANS data because of 
differences arising from image processing such as choices in threshold, and the use of a 
2D representation of BSE data in a 3D system (Anovitz et al., 2013). Between the two 
scatter plots the intensity of the BSE region for Core 13 is less than the BSE range for 
Core 21. This reveals a lower porosity in Core 13 which can be explained by the 
preferential flow paths formed by the highly reactive and fast flowing fluid used to 
dissolve the sample. The fluid would have moved along the path of least resistance, 
deeper into the core, and left the remaining porosity of Core 13 undisturbed. The 
background intensities at 𝑄 > 10−1Å−1 also differ with Core 21 having a higher intensity 
than Core 13. This could account for an influx of hydrogen content within the samples 
from either minute amounts of clay within the samples or due to the occurrence of in-
pore surface fluids.  
            However, both sets of curves are analogous in showing a slight change in slope at 
various points along the log𝑄 range. From these slopes fractal characteristics of the 
scattered samples can be observed. Referring to Section 2.4, the slopes of the (U)SANS-
BSE scatter points correlate to surface and mass fractal dimensions between 2 and 3. 
Where mass fractal (Dm) = -slope and surface fractal (Ds) = slope + 6.  The trend lines in 
Figure 6 show the changes in slope within the scatter plots. Following the trends of the 
two different slopes an estimate of a “knickpoint” can be seen where the two trendlines 
intersect. These intersections show the change between surface fractal slope (low log𝑄) 
and mass fractal slope (high log𝑄). The intersection of these two slopes shows where 
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surface fractal dominant features end and mass fractal dominant features begin; the 
position of log Q giving an indication of pore distribution versus surface roughness 
within each sample as seen in Figure 7 giving further insight to where volumetric 
distribution ends and surface volume parameters begin. 
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4. DISCUSSION 
4.1 Surface and Mass Fractals 
            Although standard scatter plots are a useful tool for finding fractal dimensions, 
they can be problematic; the use of log/log plots for displaying data tends to hide subtle 
details within the curve. The use of the Porod transform (Porod, 1982), 𝑄4𝐼(𝑄) plotted 
against 𝑄 normalizes the slope of the scattering curve to the power -4. A slope of -4 
relates back to mass- and surface-fractals as a smooth interface between the two fractal 
dimensions and better display the slope features from Figure 6 (c and d). Therefore, in a 
Porod plot “fuzzy” boundaries will have a positive slope, smooth interfaces a slope of 
zero, surface fractals  a slope between -1 and 0, and mass fractals a slope between -2 and 
-1 (Anovitz et al., 2013). Figure 6 (c and d), shows a comparison the two represented 
samples. Both plots show a clear slope change at Q-values between log Q -3 and log Q -4 
Å
-1
. The two slopes of each sample are very close to the -1 to 0 range which shows a 
strong representation of surface fractal characteristics within each core. However, the 
differences in slope decrease slightly from Core 21 to Core 13 which indicates a smaller 
difference between mass- and surface-fractal dimensions in Core 13. 
           Figure 8 (a and b), shows Dm and Ds dimensions as a function of distance from the 
inlet (0.125”) of dissolution to the outlet (6.0”). They were calculated from the changes in 
slope between the two fractal dimensions have R-squared values greater than ninety-five 
percent.  Between surface and mass fractals, Ds in Figure 8 (b) shows the greatest 
deviation between fractal dimensions of each core. Much of the change in Ds between the 
cores is reflected by certain parameters such as permeability and flow rate. Surface fractal 
  
20 
results from Figure 8 show a difference between high permeability limestone samples 
(Indiana 70 mD) and low permeability samples (Indiana 2-4 mD). All samples have a Ds 
range from 2.3 to 2.4, with the exception of Core 14. However, a split in Ds range can be 
noted at 2.35. High permeability samples tend to stay above the 2.35 range while low 
permeability samples stay below this range. Lower low permeability Ds values are 
associated with a smoothing of pore surfaces from an increase in interconnectivity of 
micro-pore dense surfaces during dissolution. Comparatively, the high permeability 
limestone Ds values tend to increase as dissolution occurs. Although the increase is slight 
with an average increase of 0.05, this still shows a slight increase in surface roughness 
attributed to dissolution of larger scales of porosity. This can be attributed to the 
characteristic flow of fluids through a more interconnected (permeable) system and fluids 
tendency to fill the larger pores of  a rock first and the smaller pores last (Anovitz et al., 
2013). 
            The pattern for Dm is significantly different. All the transects for Dm average 2.75 
and change very little along the length of each core. A Dm of 2.75 indicates a system that 
is compact, but with a pore cluster distribution of mass fractal aggregates with a 
relatively short mean distance between two points. With an obvious increase in porosity 
and no change in mass fractal values it can be inferred that overall pore size is increasing 
within each core, decreasing the distance between each pore. This reflects a shift in pore 
size distribution with dissolution from a polydispersed to a more monodispersed system. 
This leads to a more interconnected system within the limestone that steers away from a 
system of more unconnected smaller pores.             
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4.2 Cumulative Porosity 
         Cumulative porosity curves can be calculated from combining (U)SANS-BSE 
scattering data from the combined effects of scattering from pores of all scales. As stated 
in Anovitz et al. (2013), this was done by subtracting the calculated scattering from the 
largest scale of pores of the overall scattering curve. The contribution of these pores to 
the overall scattering curve was then calculated for the next smallest Q-value on the 
curve. The results from each scatter point being summed to make the summed porosity of 
each core which was then used to calculate the total scattering porosity. Overall, these 
curves are used to calculate the increasing porosity of a given sample from the smallest 
pore (~1 nm) to the largest pores (~1 cm). Figure 9 shows plots of cumulative porosity of 
three cores: Core 13  with a permeability 70 mD,  pH 2, and flow rate of 10 mL/min, 
Core 21 with a permeability 70 mD, pH 2, and flow rate 0.1 mL/min, and Core 26  at 2-4 
mD, pH4, and flow rate 0.1 mL/min. A comparison of Core 13 and Core 21 shows a 
greater contribution of large scale pores in Core 21 while Core 13 shows a contribution of 
pores of all sizes to its cumulative porosity. Although Core 21 shows a greater 
contribution of pores, it still shows little variation in pore-size contribution from the inlet 
to the outlet. Core 21 shows a large increase in porosity at 1.5” from the inlet, but this is 
from pre-existing “vuggy” porosity within the limestone from fossilized grains. The close 
grouping of pore-size contribution from inlet to outlet can also relate to the wormhole in 
Core 13 which formed a preferential path for fluids to flow leaving the porosity of the 
rest of the core relatively unchanged.  Whereas a comparison of Core 21 to Core 26, a 
larger porosity change occurs throughout the less reactive and less permeable Core 26. 
  
22 
From the comparison of these three representative plots there appears to be an increase in 
small-pore contribution depending on a smaller permeability and a lower pH.  
            To more clearly visualize the contribution of pore-size to total porosity, a 
comparison of pore sizes at several different ranges are used, log(𝑟)Å = 7.5, 5.5, and 3.0.  
Figure 10 shows that similar trends can be seen in porosity contributions at the various 
pore-size ranges. For example, Core 13 shows an increase in porosity on all log r scales 
at the inlet which then decreases in cumulative porosity on all scales 5 cm into the core. 
Similar comparisons can be made for each sample, suggesting pore-size on all scales 
change at relatively equal amounts with dissolution.  A look at the total porosity of each 
core at their designated distances gives some understanding into the parameters that 
affect the micro- to nano-porosity within each sample. The cores reacted with pH 4 
solutions (17, 18, 25, 26) show a larger amount of porosity on all scales ranging from 
log(𝑟)Å = 7.5 to log(𝑟)Å = 3.0.  
            Comparatively, when the cumulative porosities collected over the length of each 
core (inlet to outlet) are averaged together to represent the entire cores porosity, the 
contribution of pore-sizes (log (r) Å = 7.5, 5.5, 3.0 ) and how closely they relate to each 
other can be observed. Figure 11 shows that there is less contribution of small-scale 
porosity from log (r) Å = 5.5 to 7.5 in cores reacted with a high pH than those reacted 
with a lower pH solution. The permeability of each of these samples also plays a role in 
the contribution of different pore-sizes to the total porosity of the rock. A comparison of 
high permeability (70 mD) cores (17 and 25) to low permeability (2-4 mD) cores (18 and 
26) shows a trend in pore-size contributions depending on permeability. The high 
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permeability samples show a difference between the porosity at log(𝑟)Å =  7.5 and 
log( 𝑟)Å = 5.5. Comparatively Cores 13, 14, 21, and 22 show a small difference in 
porosity contribution from log (r) Å = 5.5 to 7.5. The main factor contributing to this 
trend is a lower pH than the later samples. 
            These findings suggest that during dissolution large-scale pores (log (r) Å = 7.5) 
increase more rapidly than small-scale pores (log (r) Å = 5.5 and 3.0) with permeability. 
Oppositely, small-scale pores increase at an even rate with large-scale pores with 
increased fluid reactivity (pH 2). From Figure 10 Core 13 and 21, we can see that 
permeability and pH are two important factors to porosity change with a limestone rock 
by the differences in pore-size contribution from one scale to another.   A decrease in the 
distribution of small-scale pore sizes may be attributed to the dissolution of small, well 
connected pore boundaries into larger ones, or pore throat channel walls dissolving into 
larger pores in an even ratio with fluid dispersion. This describes the relative difference 
in small-pore concentrations between the two types of permeability, in that, pore throat 
size and connectivity severely affect the preferential fluid flow throughout the carbonate 
samples by directing fluid through paths of least resistance. Another possible explanation 
for the differences in pore-size contribution can be credited by the increased solubility of 
grains with a decrease in pore dimensions. Since the solubility of crystal grains increases 
exponentially in pores that are below 1µm in size; a comparison of two identical rocks, 
one with a large beginning porosity, and one with an even distribution of many pore-sizes 
would cause reactive fluids to dissolve crystals within pores at different rates (Steigher, 
2005). Therefore, in a rock that contains a distribution of small and large pores, the small 
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pores may act as reservoirs for supersaturated fluid to precipitate; creating an even further 
difference of pore-size contribution to total porosity (Emmanuel et al., 2015).  
4.3 Changes in pore structure as a function of permeability 
            70 mD limestone samples show a much more dispersed flow path in both the 
macro- and nano-scales than the 2-4 mD samples. This is because of the greater amount 
of larger pores and the reactive surfaces that they present. The larger contribution of large 
pores in high permeability rocks was expected because of the high connectivity of the 
entire pore system. This has been seen in Noiriel et al. (2009) and Anovitz et al. (2013), 
in which not all surfaces react, and most of the reacting acid volume tends to circulate 
through and fill the largest pores first. In contrast, the low permeability rocks show less 
deviation from one centralized flow path on the macro-scale and a more even distribution 
of both large- and small-scale pore-sizes on the micro-scale as in Figure 11. Such a high 
contribution of nano- to micro-scale pores to the low permeability samples suggest that 
although they make up a small percentage of the total porosity of the rocks, they are still 
a significant part of the overall fluid flow and evolution through the limestone (Anovitz et 
al., 2009). Small pore-size contribution plays an important role in the low permeability 
flow system by acting as pore-throats between the larger pores; explaining their higher 
occurrence in low permeability as opposed to large permeability samples. On the most 
extreme range, Cores 13 and 14 show little difference between contributions of porosity 
from the nano- to macro-scale throughout the entire core. Table 4 shows the porosity of 
the two samples from log r = 5.5 to 7.5 Å changes very little with a 0.43% difference in 
contribution in Core 13 and a 1.13% change in Core 14. These similarities in pore-size 
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distribution at the two pore-size ranges are from the wormholes that were formed over the 
process of dissolution. Lucia (1983) found that no change in permeability occurs with an 
increase in vuggy porosity of a limestone, the same has occurred with the development of 
preferential flow paths. Fluid flow found the path of least resistance neglected the 
permeability of the rest of the system. As a result, no matter what the permeability of the 
rock is, the nano- to macro-porosity will not be affected by fluid flow through these 
systems.   
4.4 Changes in pore structure as a function of dissolution 
            Dissolution and pH have a similar role as permeability in the evolution of porosity 
and pore structure within our samples. High pH solutions caused more small scale 
porosity contribution to Cores 13, 14, 21, and 22 than samples reacted at a lower pH. 
High pH, high permeability Cores 13 and 21 show a larger amount of surface roughness 
in comparison to high pH, low permeability samples. These characteristics are indicative 
of the two dissolution processes described by Noiriel et al. (2004). First, the 
microcrystalline phase was dissolved at differing rates depending on fluid reactivity and 
pore connectivity. Whereas the low permeability samples have less interconnectivity of 
pores and pore throats for preferential flow to occur, and a more dispersed pattern of 
dissolution. Their surface fractal dimensions would indicate more planar surfaces than 
their high permeability counterparts with preferential flow directions. Second, after full 
microcrystalline dissolution, the allochem grains begin to dissolve, accompanied by a 
further decrease in pore wall roughness and an increase in pore connectivity.  
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4.5 Changes in pore structure as a function of flow rate 
            Flow rate though the limestone samples followed the path of least resistance 
through each core; the rate of flow, 10 mL/min and 0.1 mL/min, control the amount of 
dissolution that occurred within the cores from a constant influx of reactive fluid. The 
flow rate and reactivity of the fluid strongly influence the size of these channels and the 
amount of root-like branching that occurred. As in Hoefner and Fogler, (1988) and Fredd 
and Fogler, (1998), the rates of channel formation and growth within the carbonate 
samples were closely related to the developing structure of the channels (size of branches 
and degree of branching). The degree of branching within these systems was also related 
to permeability, with high permeability rocks showing a highly branched system of 
channels, while low permeability channelization ranged from single conduit to small 
branching channels. 
            These observations of flow rate relate to the study of macro-structural changes, 
but with the (U)SANS-BSE analysis these observations are analyzed down to the nano-
scale as well. However, from Hoefner and Fogler, (1988) and our results in Tables 2 and 
3 we can see that flow rate is closely dependent on fluid reactivity for cumulative 
porosity to change within a sample. As seen in Figures 3 and 4, the speed at which fluid 
is injected into the carbonate systems and the reactivity of the fluid directly affect the 
types of dissolution that form on multiple scales.  
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5. CONCLUSIONS 
          Ultra small- and small-angle neutron scattering along with backscattered scanning 
electron microscopy of Indiana limestone has shown that changes in dissolution that 
occur within chemical sedimentary rocks are dissimilar from the macro- to the nano-
scale. Macro-scale pores and pore throats show the greatest range in pore-size variation 
after dissolution at the sizes greater than 10 µm. As pore-size decreased the change in 
pore-size distribution from the inlet to the outlet of each core decreased. Porosity at the 
nano-scale showed almost no increase in porosity from inlet to the outlet. This is opposite 
of what a self-similar system of fractal pores would do in the same situation. Pore-size on 
all scales did not increase at a similar rate but were independent of each other depending 
on their pore-size and confining geometries. Even though the smallest nano- and micro-
scale pores make up the actual connections of the rock, it should be noted that the overall 
porosity and permeability of the limestone still increased. This was observed early on in 
our experiments by the connectedness of macro-scale dissolution structures shown by 
NCT scans, leading to an inference that smaller pores were increasing in size through 
dissolution of confining grains. These structures showed an increase in permeability and 
porosity at the larger size ranges. They also showed the ability of limestone dissolution to 
make smaller pores larger and increase the number and size of pore throats at the same 
time.   
Permeability of the limestone played the largest role in multiscale structural 
changes by controlling the pore-throat structures that influence dissolution, flow, and 
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pore to pore-throat interaction from pore-to-pore within the rocks. Differences in 
permeability acted as fluid conduits in which reactive fluid wet and reacted with solid 
surfaces with the size and distribution of pores and pore-throats either reinforcing or 
negating dissolution. As in Figure 11, it has been shown that the greater the permeability 
of the limestone, the larger the distribution of pore-sizes greater than 10 µm occurs, while 
pore-sizes less than 10 µm tend to stay unaffected. With a decrease in permeability an 
increase in pore-size distribution on all scales tends to appear. This correlates to the 
second parameter, fluid reactivity, which affected pore structure within the limestone. 
Highly reactive fluids tended to dissolve a great amount of material without any 
differentiation between pore-size and connectivity. This caused many micro-preferential 
flow paths to form within the pH 2 samples causing pore-size on all scales to contribute 
to the total porosity of each sample. As reactivity decreased the contribution of smaller 
scale porosity to total porosity decreased as well. Lastly, flow rate only changed pore 
structure in extreme cases such as wormhole formation, causing a deeper intrusion into 
the core samples while leaving the porosity of the rest of the core untouched.  
            Overall the analysis of cumulative porosity and pore distribution provides insight 
into the evolution of the pore structure on multiple size scales. This reveals the 
mechanisms most intimately involved in the dissolution and restructuring of porous 
sedimentary systems. Coupled with the analysis of mass fractal dimensions to provide a 
basis for describing the effects of these processes on the evolution of material whose pore 
structures appear to be random or chaotic and yet possess scale invariance. These 
calculations show that specific changes in permeability, reactivity, and flow rate all 
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coincide, resulting in specific deviations in pore size, distribution, and connectivity of 
limestone geometries depending on given changes in permeability, flow, and reaction 
rate. These findings suggest multiscalar results where an increase in pH and permeability 
in leads to an increase in the amount larger pores while small pores stay relatively 
unchanged, and a decrease in pH and permeability causes large and small pores to 
increase at equal rates. 
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Appendix 1. Tables 
 
 
                  
 
 
Sample Core Type Rock Type Permeability (mD) Porosity (%) Flow Rate (mL/min) Start pH Final pH HCl (g) H2O (g) Start Pressure (PSI) End Pressure (PSI) Notes
Core 13 A Indiana 70 19 10 2 3.03 45.7 1954.3 80 0 Dispersed wormhole
Core 14 B Indiana 2-4 14 0.1 2 2.42 45.7 1954.3 540 0 Fine wormhole
Core 17 A Indiana 70 19 10 4 9.03 0.457 1999.54 90 80 No visible change
Core 18 B Indiana 2-4 14 0.1 4 8.04 0.457 1999.54 420 390 No visible change
Core 21 A Indiana 70 19 10 2 7.46 45.7 1954.3 80 60 Eaten away to 0.5"
Core 22 B Indiana 2-4 14 0.1 2 7.45 45.7 1954.3 360 240
Compact dissolution to 
0.25", two shallow 
wormholes
Core 25 A Indiana 70 19 10 4 9.03 0.457 1999.54 50 20 No visible change
Core 26 B Indiana 2-4 14 0.1 4 9.54 0.457 1999.54 230 200 No visible change
Table 1: Sample characteristics (Rock type, porosity, permeability), flow rates, solution pH (beginning and final), 
fluid input amounts, and notes on macro-dissolution for the eight limestone samples analyzed. 
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Table 2: Cumulative porosity averages over the entire length of each core from log 7.5, 5.5, and 3.0 Å 
(1mm, 10µm, and 0.1µm) and the differences between each pore-size distribution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Core # log r=7.5 Å (1 mm) log r=5.5 Å (10 µm) log r=3 Å (0.1 µm) 7.5 to 5.5 5.5 to 3.0 7.5 to 3.0
13 7.94 7.51 0.81 0.43 6.70 7.13
14 12.03 10.90 1.05 1.13 9.85 10.98
17 13.56 10.72 1.17 2.85 9.55 12.40
18 11.23 9.60 1.22 1.63 8.38 10.01
21 11.26 9.64 1.17 1.62 8.47 10.09
22 11.34 10.01 1.12 1.32 8.89 10.21
25 12.88 9.73 1.08 3.16 8.65 11.80
26 12.77 10.57 1.27 2.20 9.30 11.50
Pore-Size Difference (% )Cumulative Porosity (% )
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Table 3: Cumulative porosisty distribution of each sample from dissolution inlet to outlet for pore size 
ranges log 7.5, log 5.5, and log 3.0 Å (1mm, 10µm, and 0.1µm). 
 
 
 
 
13 Distance (% ) log r=7.5 (1 mm) (% ) log r=5.5 (10 µm) (% ) log r=3 (0.1 µm)
0.125 8.01 7.66 0.77
0.25 5.26 5.20 0.99
0.5 8.88 8.30 0.74
0.75 8.22 7.22 0.74
1 7.87 7.60 0.68
1.5 7.39 7.05 0.95
2 7.48 7.22 0.79
4 8.99 8.42 0.81
6 9.34 8.90 0.79
14 Distance (% ) log r=7.5 (1 mm) (% ) log r=5.5 (10 µm) (% ) log r=3 (0.1 µm)
0.125 11.82 11.31 1.01
0.25 13.69 13.28 1.49
0.5 13.03 12.51 1.14
0.75 13.61 12.30 1.03
1 10.17 9.50 1.25
1.5 13.12 10.66 0.78
2 15.15 11.30 0.88
4 8.99 8.85 0.95
6 8.68 8.37 0.92
17 Distance (% ) log r=7.5 (1 mm) (% ) log r=5.5 (10 µm) (% ) log r=3 (0.1 µm)
0.125 21.64 12.48 1.38
0.25 22.60 14.40 1.55
0.5 13.91 11.13 1.63
0.75 12.94 11.50 1.11
1 14.05 12.33 1.42
1.5 9.23 8.63 0.87
2 6.64 6.39 0.69
4 11.61 10.66 0.95
6 9.45 8.91 0.90
18 Distance (% ) log r=7.5 (1 mm) (% ) log r=5.5 (10 µm) (% ) log r=3 (0.1 µm)
0.125 11.70 10.57 1.39
0.25 13.05 8.94 1.19
0.5 7.89 7.05 1.00
0.75 10.06 9.54 1.15
1 17.44 11.92 1.55
1.5 9.51 8.81 1.08
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Table 3: Continued. 
 
 
 
 
 
18 Distance (% ) log r=7.5 (1 mm) (% ) log r=5.5 (10 µm) (% ) log r=3 (0.1 µm)
2 11.80 11.24 1.47
4 9.43 8.84 1.06
6 10.16 9.47 1.08
21 Distance (% ) log r=7.5 (1 mm) (% ) log r=5.5 (10 µm) (% ) log r=3 (0.1 µm)
0.125 10.61 9.51 0.97
0.25 10.96 8.94 1.05
0.5 10.69 10.04 1.26
0.75 10.19 9.10 1.19
1 17.49 12.51 1.50
1.5 12.33 9.32 1.23
2 9.97 9.38 1.13
4 8.99 8.37 1.07
6 10.08 9.56 1.10
22 Distance (% ) log r=7.5 (1 mm) (% ) log r=5.5 (10 µm) (% ) log r=3 (0.1 µm)
0.125
0.25 10.69 10.08 1.14
0.5 10.46 9.78 1.10
0.75 10.51 9.57 1.08
1 9.18 8.75 1.01
1.5 10.78 9.90 1.30
2 17.53 12.32 1.39
4 11.08 9.92 0.98
6 10.44 9.79 0.97
25 Distance (% ) log r=7.5 (1 mm) (% ) log r=5.5 (10 µm) (% ) log r=3 (0.1 µm)
0.125 14.57 13.45 1.10
0.25 12.38 9.41 0.97
0.5 8.49 7.83 0.86
0.75 16.49 10.07 1.21
1 16.15 10.54 1.11
1.5 10.14 8.16 1.11
2 9.60 7.77 0.88
4 10.42 9.17 1.11
6 17.69 11.12 1.35
26 Distance (% ) log r=7.5 (1 mm) (% ) log r=5.5 (10 µm) (% ) log r=3 (0.1 µm)
0.125 14.58 11.58 1.50
0.25 11.19 10.55 1.14
Compact dissolution, no data available
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Table 3, continued. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
26 Distance (% ) log r=7.5 (1 mm) (% ) log r=5.5 (10 µm) (% ) log r=3 (0.1 µm)
0.5 9.87 9.49 1.07
0.75 9.41 9.03 1.37
1 12.27 11.45 1.26
1.5 14.44 10.00 1.11
2 13.99 9.93 1.12
4 11.10 10.59 1.30
6 18.09 12.54 1.56
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Table 4: Numerical values for intersection of mass-fractal with surface-fractal dimensions, and mass- and 
surface fractal numbers of each core from inlet face of dissolution to fluid outlet. Surface and mass fractal 
R-squared values were greater than 95%. 
13 Distance Intersect (X) Q Mass Frac Surface Frac 
 0.125 -3.17 2.73 2.35 
 0.25 -2.63 2.79 2.38 
 0.5 -3.18 2.79 2.35 
 0.75 -3.06 2.79 2.35 
 1 -3.17 2.80 2.35 
 1.5 -3.04 2.66 2.36 
 2 -3.18 2.77 2.36 
 4 -3.15 2.82 2.37 
 6 -3.13 2.77 2.28 
14 Distance Intersect (X) Q Mass Frac Surface Frac 
 0.125 -3.12 2.76 2.29 
 0.25 -3.07 2.73 2.31 
 0.5 -3.16 2.74 2.26 
 0.75 -3.09 2.82 2.45 
 1 -3.09 2.79 2.35 
 1.5 -3.15 2.65 2.28 
 2 -3.05 2.75 2.28 
 4 -3.09 2.70 2.30 
 6 -2.94 2.83 2.32 
17 Distance Intersect (X) Q Mass Frac Surface Frac 
 0.125 -3.11 2.79 2.30 
 0.25 -3.14 2.76 2.30 
 0.5 -2.89 2.81 2.32 
 0.75 -3.24 2.74 2.31 
 1 -3.08 2.74 2.32 
 1.5 -3.09 2.77 2.33 
 2 -3.19 2.86 2.38 
 4 -3.28 2.76 2.31 
 6 -3.13 2.81 2.31 
18 Distance Intersect (X) Q Mass Frac Surface Frac 
 0.125 -2.97 2.78 2.33 
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Table 4, continued.  
18 Distance Intersect (X) Q Mass Frac Surface Frac 
 0.25 -2.96 2.77 2.33 
 0.5 -2.94 2.82 2.35 
 0.75 -3.07 2.72 2.32 
 1 -3.06 2.71 2.34 
 1.5 -3.09 2.72 2.34 
 2 -3.00 2.74 2.32 
 4 -3.13 2.71 2.33 
 6 -3.10 2.80 2.33 
21 Distance Intersect (X) Q Mass Frac Surface Frac 
 0.125 -3.19 2.75 2.34 
 0.25 -3.08 2.72 2.36 
 0.5 -3.07 2.75 2.35 
 0.75 -3.06 2.72 2.36 
 1 -3.14 2.75 2.37 
 1.5 -3.12 2.67 2.36 
 2 -3.16 2.68 2.35 
 4 -3.09 2.69 2.37 
 6 -3.17 2.72 2.37 
22 Distance Intersect (X) Q Mass Frac Surface Frac 
 0.125 no sample available  
 0.25 -3.08 2.71 2.32 
 0.5 -3.09 2.71 2.31 
 0.75 -3.08 2.74 2.32 
 1 -3.01 2.79 2.28 
 1.5 -2.99 2.66 2.31 
 2 -3.08 2.68 2.31 
 4 -3.13 2.74 2.31 
 6 -3.14 2.75 2.31 
25 Distance Intersect (X) Q Mass Frac Surface Frac 
 0.125 -3.37 2.71 2.35 
 0.25 -3.22 2.75 2.37 
 0.5 -3.29 2.75 2.40 
 0.75 -3.17 2.76 2.37 
 1 -3.25 2.75 2.37 
 1.5 -3.08 2.69 2.37 
 2 -3.00 2.75 2.32 
 4 -3.04 2.74 2.33 
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Table 4, continued. 
25 Distance Intersect (X) Q Mass Frac Surface Frac 
 6 -3.12 2.71 2.33 
26 Distance Intersect (X) Q Mass Frac Surface Frac 
 0.125 -3.02 2.78 2.32 
 0.25 -3.09 2.76 2.30 
 0.5 -3.05 2.71 2.31 
 0.75 -2.86 2.79 2.33 
 1 -3.14 2.74 2.32 
 1.5 -3.12 2.74 2.35 
 2 -3.10 2.76 2.34 
 4 -3.01 2.81 2.34 
 6 -3.01 2.84 2.34 
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Table 5: Percent porosity calculated from backscatter electron images that were converted to black (pores) 
and white (grains) binary images using thresholding algorithms from ImageJ.  Percentages represent 
percentage of porosity found in each image by subtracting the volume of white binary, represented by 
zeroes, from black binary, represented by ones.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Core #
Distance 13 14 17 18 21 22 25 26
0.125 22.77 (%) 24.60 (%) 10.46 (%) 5.34 (%) 7.12 (%) Null (%) 11.12 (%) 8.56 (%)
0.25 25.91 14.29 9.54 5.45 11.41 6.56 8.52 8.39
0.5 19.43 11.27 12.14 5.18 8.57 5.38 7.56 6.53
0.75 12.08 8.06 12.04 5.86 8.4 5.16 7.39 8.52
1 7.87 12.31 9.67 6.75 5.82 6.16 9.27 6.75
1.5 10.05 7.11 15.8 8.46 7.19 6.02 8.9 6.21
2 10.52 10.54 12.69 6.74 9.14 7.47 11.27 5.33
4 10.15 9.12 12.45 5.38 11.26 7.56 8.91 6.14
6 9.85 14.29 10.88 5.6 6.61 7.42 7.69 7.57
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Appendix 2. Figures 
 
  
 
Figure 1. (a), Schematic of experimental setup. 2 liters of diluted HCl was pumped through an 
HPLC pump, vertically through the limestone core, and out to a effluent container. Vertical core holders 
(b), assembled before experimental setup and (c), view of experimental setup. 
 
 
 
Figure 2: Dissolution faces of each core experiment showing sample type, permeability, reactivity, and 
flow rate, as well as the macro-dissolution features at the fluid inlet of each sample. Cores 25 and 26 are 
lighter in color due to differences in lighting. 
 
 
 
 
(a) 
(c) (b) 
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Figure 3: NCT scans of Cores 13, 14, 21, and 22 giving an interior view of dissolution within each core. 
The patterns shown in each image represent the macro-structures formed by the dissolution of limestone by 
varied reactive fluids through each core. 
 
 
 
 
 
 
 
 
 
 
Core 13 
Core 21 
Core 22 
Core 14 
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Figure 4: SEM images of Cores 13, 21, and 26 at 0.125”, 0.75”, and 6” away from the inlet of each 
sample. Black in the images represents pore space while gray/white represents limestone grains.  
 
 
Core 13 (0.125”) 
Core 26 (6”) Core 21 (6”) Core 13 (6”) 
Core 26 (0.75”) Core 21 (0.75”) Core 13 (0.75”) 
Core 26 (0.125”) Core 21 (0.125”) 5 mm 
  
48 
 
Figure 5 shows the degrees of dissolution of limestone grains within Cores 13, 21, and 26. Core 13 shows 
no preferential dissolution along the wormhole dissolving matrix and allochems grains. Core 21 shows a 
preferential dissolution of matrix first, then allochem grains. Core 26 shows a partial dissolution of matrix 
grains with almost no dissolution of allochem grains. 
 
 
13 
26 
21 
1 mm 
1 mm 
1 mm 
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Figure 6: Scattered intensity curves and Porod transfoms from the combined SEM/BSE image and 
(U)SANS data for Core 13 (a and c) and Core 21 (b and d). Data are plotted in the standard log/log scale (a 
and b) and in the Porod transform representation in  (c) and (d). Each curve is offset by 2 log units on the y-
axis for clarity. Ranges of each instruments Q-range is shown in Core13 (a and c): SEM/BSE – orange, 
USANS – blue, SANS – green. Instrumental Q-range does not change between scatter plots. 
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Figure 6, continued. 
(b) 
(a) 
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Figure 6, continued. 
 
 
 
(d) 
(c) 
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Figure 7: Intersection points where surface fractal (Ds) transitions into mass fractal (Dm) behavior. 
Represented by the distance of each sample from the inlet (x-axis) and the scattering length (y-axis) at 
which each transition occurs. 
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Figure 8: (a) Mass fractals (Dm) and (b) Surface fractals (Ds) of each core given as a function of distance 
from the dissolution inlet.  
 
 
 
 
 
 
 
 
 
 
 
(b) 
(a) 
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Figure 9: (a, b, c), Cumulative porosity from the smallest analyzed pore to the largest within three samples. 
Core 13 (a), Core 21 (b), and Core 26 (c), give a representation of the different types and amounts of 
dissolution depending on outside variables (pH, flow rate) and variables within the system (permeability). 
Each cumulative porosity curve is separated into porosity distances of log r = 1 to 3 (I), 3 to 5 (II), and 5 to 
8 Å (III). Estimated errors are smaller than the symbols. 
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Figure 9, continued. 
(a) 
(b) 
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Figure 9, continued.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) 
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Figure 10: (a, b, c), showing the contribution of pore-size (log r = 7.5, 5.5, 3.0 Å), pore-size:1mm, 10µm, 
and 0.1µm, to cumulative porosity of Cores 13, 21, and 26 from the inlet to outlet of dissolution. 
Cumulative porosity include the log r size being analyzed and all pore sizes below it. 
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Figure 10, continued. 
(b) 
(a) 
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Figure 10, continued.  
 
(c) 
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Figure 11: Average cumulative porosity of each core at size ranges log r = 7.5 (dark blue diamonds), 5.5 
(light blue diamonds), and 3.0 Å (blue outlined diamonds). Pore-size:1mm, 10µm, and 0.1µm, respectively. 
Showing the combined average of all cumulative porosities found throughout each core from the inlet to 
outlet. Average porosity correlating with the pore-size range gives an understanding to the distribution of 
pore-sizes within each core. 
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